Abstract. This study is aimed at analyzing the carbon embodied in trade flows between Poland and its major trade partners. Calculations are based on the data from the GTAP database for the year 2004. The study uses an input-output analysis, which allows responsibility to be assigned to individual flows for generating specific amounts of emissions in the economy. It is shown that Polish exports contain significantly more embodied carbon than Polish imports, despite the fact that the value of the imports is higher. Moreover, it is found that among the surveyed countries, only three were net importers of carbon emissions to Poland. Export to Germany is responsible for the most of emissions in Poland. In turn, Poland receives the most emissions from imports from Russia.
Introduction
The growing interest in climate change serves the development of interdisciplinary research combining various areas of interest in this phenomenon. Economic science benefits heavily from this, most often addressing issues concerning the economic impact of climate change and of climate policy. Since the primary goal of climate policy is the reduction of greenhouse gases, the study of the causal relationships between emissions of these gasses and the economy is of interest to economics. Those relationships can be studied under various aspects, one of which is foreign trade. The problem was first approached after the adoption of the United Nations Framework Convention on Climate Change (UN FCCC) in 1992, which aimed at stabilizing anthropogenic greenhouse gas emissions, especially carbon dioxide (CO 2 ) (1992). Precursors of the current study have addressed the fact that developed countries, when obliged to reduce their emissions, import many goods and services from developing countries, thereby contributing to the growth of greenhouse gas emissions in those countries (Wyckoff and Roop 1994; Subak 1995; Schaeffer and Andre 1996; Lenzen 1998 ). This was, as it turned out, a real threat to the effectiveness of global efforts to reduce emissions. It is difficult to treat the reduction of emissions in one country as effective if it entails a growth in imports and an accompanying increase in indirect emissions in the exporting countries. This has been observed in the case of the emissions of the United Kingdom (Helm, Smale et al. 2007 ). In this way, emission sources are merely moved from one country to another. Trade here acts not only as a factor leading to economic growth through increasing efficiency of resource allocation, but also as a mechanism which allows environmentally burdensome production to move to countries with lower environmental standards (Rhee and Chung 2006) . One method of measuring the indirect responsibility for pollution emissions, including greenhouse gas emissions, outside a given country, is to measure the so-called emissions embodied in trade. Emissions embodied in trade include all emissions which were emitted in country A in order to generate trade flows from country A to country B.
One of the important reasons for studying the greenhouse gas emissions embodied in trade is to identify the effect known as carbon leakage. This phenomenon is based on the growth of greenhouse gas emissions in countries with have no emission reduction commitments, thanks to the reductive measures taken by other countries. This issue is often discussed in the literature of climate change economics ( The study presents the influence that multilateral trade relations have on CO 2 emissions in Poland and abroad. To this end, the 20 countries with which Poland has the greatest volume of trade are analysed here. The basic research questions concern the amount of CO 2 emissions in Poland resulting from the export of Polish goods and services to those countries, and the emissions in those countries resulting from the export of their goods and services to Poland. Questions are raised concerning the direct and indirect effects of trade-associated emissions, and about the level of carbon intensity in trade flows between Poland and the analysed countries.
The outline of the work is as follows: section 2 describes the applied methodology and data sources, section 3 presents and discusses the results of the analysis of the emissions embodied in trade between Poland and its major trade partners, and the last section contains the conclusions of the study.
Methods
This study uses the methodology for calculating emissions embodied in bilateral trade (EEBT) (Peters 2008 ). The EEBT is calculated based on data from international trade statistics in monetary units. Because the method does not distinguish trade flows satisfying final consumption from those satisfying intermediate consumption, but treats them together, its usefulness for evaluating the emissions resulting from consumption is limited. It allows the calculation of the emissions generated in a given region in order to produce goods and services destined for export. This is not, however, the total emissions embodied in exported goods and services, because imported intermediate goods and services are usually used during the production, which cause emissions elsewhere. Since this method does not take into account emissions associated with the production of imports, its results cannot be equated with the carbon footprint.
The EEBT methodology is based on the input-output (I-O) analysis developed by Leontief (1941) . Since its main assumptions have been described in detail by, among others, Miller and Blair (2009) , hereafter only the main formulas are presented.
The economy can be divided into a number not interrelated industry, whose total output is expressed by:
The vector x represents the total output in each sector; A is a technical coefficient matrix, whose general elements a ij indicates the demand per unit of production of sector i in sector j. Then Ax is a vector representing the total intermediate consumption. The elements of the vector y indicate the size of the final demand for the production of each sector. All scales used in the calculations are expressed in terms of value. In order to calculate x, the following transformations have to be performed:
In the sequence of Eq. (2), I is the identity matrix, i.e., the matrix with ones the main diagonal zeroes everywhere else. The matrix is (I-A)
-1 "Leontief 's Inverse matrix", and is fundamental for the input-output analysis. The values in this matrix describe the influence of the exogenous change of the final demand on the total production. It allows tracking of mutual interactions between the elements of the production system, including the analysis of flows between the sectors. Based on Eq.
(1), the total production of a country r, denote dx r , can be described with the formula:
where yr is the vector of the final demand on domestic production, A rr is a matrix in which the entry a rr ij is the amount of input from sector i in country r per dollar's worth of output of sector j in r. 
In order to evaluate the total CO 2 emissions created during the production processes in country r, the total production has to be multiplied by the CO 2 
where f r co 2 is the total CO 2 emission in country r, is a row vector whose elements indicate the amount of CO 2 emission per dollar of total output of each sector in country r. The assumption of linearity accompanying the input-output approach allows Eq. (7) to be decomposed and permits evaluation of the effect of each component of the final demand individually. However, because the study focuses on identifying the emission effect caused by export, only this aspect is further considered.
Total CO 2 emission generated in country r to meet the total external demand, 
The methodology of calculating emissions embodied in bilateral trade also covers emissions generated throughout the whole supply chain of the exporting sectors. These are caused by intermediate demand for domestic goods and services, and constitute an indirect emission effect of exports from country r to country s, denoted in the following equation by: 
The data used in the study are the latest available, and are widely used in contemporary published works ( 
Results and discussion
The emissions embodied in the total export of Poland were calculated using the relationship shown in Eq. (8), while the individual trade flows between Poland and the countries examined were calculated in accordance with Eq.(10). The aggregated results are shown in Table 1 . In 2004, the emissions embodied in the total export from Poland to other countries equaled 78,320.20 GgCO 2 , of which 82%, or 64,346.29 Gg CO 2 , was exported to Poland's 20 most important trade partners. Chinese researchers (Chen, Chen et al. 2010) using the MRIO methodology (Multi-Regional Input-Output), which includes the emissions embodied in the intermediate use of imports, obtained the total value for Polish exports. The result was over 18% higher than the value obtained with EEBT.
Among the examined export flows, the greatest amount of emissions were clearly embodied in exports to Germany, coming to a total of 17,944.98 GgCO 2 , which constitutes 23% of the total emissions embodied in Polish exports at that time. This is associated with the fact that Germany is the biggest recipient of Polish exports.
In the case of imports to Poland, the greatest amount of emissions was embodied in the trade with Russia, equaling 13,930.50 GgCO 2 .This is a consequence of the structure of Polish imports from Russia, which mainly consists of natural resources which involve very high emission levels in Russia during their extraction and transportation.
The second most carbon-intensive source of Polish imports is China, which accounts for 7,654.78 GgCO 2 . In this case, it is difficult to distinguish groups of goods which might have a significant influence on this result. Probably the low energy efficiency standards combined with the high emission intensity of the energy sector in China have crucial significance here. However, examining the co-responsibility for CO 2 emissions created as a result of bilateral trade relations, the most burdened of Poland's trade relations are those with Germany, Russia, the Czech Republic, and China. Among the 20 countries examined, the balance of CO 2 emissions embodied in Polish foreign trade (Fig.1.) was negative only for Russia, China, and Ukraine. This means that, as a result of the bilateral trade exchange with Poland, these countries release more CO 2 than Poland. Ukraine emitted more, despite its negative trade balance with Poland.
In other 17 cases, Poland was a net exporter of carbon emissions. It can be seen that the transfer of net emission to Poland comes from an eastern direction, from countries of lower environmental protection standards, whereas Poland's net carbon emissions were transmitted to wealthier western countries with higher environmental standards than Poland. Altogether, CO 2 emissions embodied in Polish exports to the countries examined here were 45% higher than those calculated in imports, despite the fact that the value of Polish imports exceeded the value of exports by 23%. This was the result of much higher intensity of emissions of Polish exports, in comparison with the intensity of emissions of imports. The emission factor of Polish exports ranged from 0.82 to 2.05 Gg CO 2 /$m (Fig. 2) . This results from the diversified structure of Polish exports to individual countries. Exports to Italy had the lowest emission intensity, which is linked to the relatively large share of low carbon production in Polish exports to this country. Exports to the Czech Republic were the most emission-intensive, this being caused by the significant amount of electricity and other energy-intensive products involved in the exported goods and services. From among the 20 examined countries, only the emission intensities of imports from China, Russia, and Ukraine were higher than emission intensity factors of export to those countries. Low environmental standards and the crucial role of coal in energy-mixing those countries, as well as the significant quantity of energy-intensive products imported to Poland, probably have main impact on these factors. The obtained emission intensity of imports from China of 3.22 Gg CO 2 /$m is significantly different from the result obtained by Liu at al., which considers export from China to Japan in 2000 ). According to those authors, this factor in 1990 amounted to3.84 Gg CO 2 /$m, and then it decreased, so that in the years 1995 and 2000 it amounted to 1.85 and 0.98 Gg CO 2 /$m, respectively. Unfortunately this decrease was not explained, so it is difficult to point out the potential causes of these differences. Divergences are even more puzzling, as the emissions intensity of Japanese exports to China in the years 1995-2000 (quoted in that publication and obtained by the same method) fluctuated in the range of 0.39-0.47 Gg CO 2 /$m, and can be compared with the results acquired for flows from Japan to Poland of 0.40 Gg CO 2 /$m.
In the next paragraph, based on Eqs. (12) and (13), the emissions embodied in the international trade were divided into indirect and direct emissions (Table 3) . These results show that indirect CO 2 emissions induced by Polish exports are almost three times higher than the direct emissions. This means that companies exporting their products from Poland have a much lower influence on emissions embodied in export than their national suppliers. Only exports to the Czech Republic and to Sweden cause a higher direct effect than indirect effect. For other export flows, the relation of the evoked direct emissions to the indirect emissions fluctuated from 1.26 for Austria to 5.93 for Turkey. In case of flows in opposite directions, the direct effect was in every case higher than the indirect one, and its power was almost as much as 10 times higher for imports coming from the United Kingdom. Both in Poland and in its biggest trade partners, the results indicate indirect emissions to be the key emissions source. 
Conclusions
Poland exports significantly more emissions than it imports. However, this does not provide us with evidence that trade contributes to larger emissions in Poland than would be the case were there no trade exchange. The negative trade balance of Poland, together with the low emission intensity of imports, suggest that imports may contribute to the significant reduction of emissions, in comparison to the situation where imported goods are produced in Poland. Even so, taking into consideration the structure of Polish exports, which consist of many products from energy-intensive industries, it is possible that emissions created as a result of export exceed the potential benefits of import.
This study has indicated that the largest amount of emissions was created as a result of Poland's trade with EU Member States. These emissions remain under the control of EU climate policy, which aim to reduce them. In the case of the EU countries neighboring Poland, which by their trade with Poland contribute to the generation of significant CO 2 emissions, bilateral efforts to curb the emission impact should be considered. Implementing these additional measures could be particularly beneficial in sectors not covered by the EU Emission Trading Scheme. This is because emissions of these sectors are under the influence of domestic policies.
Regarding the phenomenon of "carbon leakage"-understood rather in its "weak" sense in contrast to its "strong" definition (Peters and Hertwich 2008)-we can recognize flows of net embodied emissions which come to Poland from Russia, China, and Ukraine. This is not only because of the majority share in emissions embodied in the bilateral trade of those countries, but also because of the low environmental standards reflected in the emission intensity of the imports. In order to avoid the development of this leakage, there is a need to further monitor these flows in terms of emission embodied. This is crucial in the context of implementing the ambitious EU climate policy. Despite the provisions in new EU legislation providing special protection to "sectors exposed to the significant risk of carbon leakage", the risk of its escalation is high (2003 ( /87/EC 2009 Clò 2010) .
From the analysis presented here, it appears that, for the majority of emissions embodied in trade, indirect emissions were the main source. This demonstrates that, in order to effectively limit the influence of trade exchange on CO 2 emission in trading countries, policies should concentrate on comprehensive economy-wide solutions. The improvement of emission parameters in individual sectors, even if their role in export is significant, will probably bring poor results.
Some of the conclusions presented above require further examination, in order to obtain empirical support. Certainly the sect oral analysis of the examined carbon flows would be helpful. The issue of "carbon leakage", too, requires detailed studies. Moreover, carrying out a simulation to assess emissions in Poland under the closed economy assumption would have a crucial cognitive value.
